OUTLINE
Thesis: Comparisons of UEDGE generated quantities with DI Il-D bolometer data provides a method for bench marking the physics models used in UEDGE plasma simulations.
1.
Background Information A. currently being researched and developed, is another source for power generation.
The 0111-D experiment at General Atomics in San Diego, California in cooperation with Lawrence Livermore National Laboratory (LLNL), is part of the ongoing research for fusion power. The DIII-D machine uses a toroidal device, called a tokamak, for a magnetic confinement system. This system helps contain a hot ionized gas called plasma, the fourth state of matter. The plasma reaches temperatures of approximately 10 -50 million degrees Kelvin in the center of the tokamak. There are devices on the tokamak called bolometers which measure the heat or power radiated from the plasma. Lawrence Livermore National Laboratory assists General Atomics in their data analysis for DIII-D. LLNL has a code, UEDGE, that simulates the edge tokamak plasma parameters and generates quantities similar to those measured in actual Dlll-D experiments. Current studies are being done to examine the power radiated within DIU-D and compare this to UEDGE simulations at LLNL. Comparisons of UEDGE generated quantities with DIII-D bolometer data provides a method for bench marking the physics models used in UEDGE plasma simulations.
Backuround

Fusion Energy
Fusion occurs when two light nuclei combine to form a heavier nucleus. In some reactions the mass of the final nucleus is less than the combined rest masses of the original nuclei. Due to a loss of mass in these fusion reactions, there is also an accompanying release of energy (Serway 1395). The goal for fusion research is to capture this released energy from the reactions, and use it for power generation here on earth. One might ask why we need another source of power generation. Although we now have several sources of power generation, studies show, with a future decrease in availability of fuels, other sources of power generation are needed.
Currently, nuclear power plants rely on Uranium as a fuel source, which is not very abundant. However, if a fusion reactor is fully developed, the heavy isotope of hydrogen that is required as fuel, can be found in water.
In water there exists a hydrogen isotope called deuterium also known as heavy hydrogen, having twice the mass of ordinary hydrogen. Deuterium is extracted from the water, and then the atoms are fused in reactions such as:
1H2+1H2->2H3+onl
The total amount of energy released from each deuterium reaction is around 3.27 MeV (Serway 1396). A similar reaction combining deuterium and tritium, a radioactive hydrogen isotope, produces 17.59 MeV of energy per fusion reaction (Serway 1396).
Given the same conditions and temperatures to initiate fusion, the deuteriumdeuterium, DD, reaction is less likely to occur, while in the deuterium-tritium, DT, reaction, which releases more energy, and the atoms are more likely to fuse. Although the DT reaction releases more energy, the DD reaction is favored for two reasons: 1) tritium is radioactive, while deuterium is not, and 2) tritium is not naturally occurring in water like deuterium (Wesson 2). The ultimate goal is to use the OD reaction for a fully developed commercial fusion reactor.
In combining two atoms, the repulsive force between two charged nuclei must be overcome. To do this, kinetic energy must be supplied to the nuclei by heating the fuel to high temperatures (approximately 4 X 108 K for the DD reaction and 4. 5 X 107 K for the DT reaction) (Serway 1398). At such high temperatures, atoms ionize and a plasma forms.
After the plasma forms the problem is a matter of efficiency and containment.
More power must be harnessed from the fusion reaction than is put in to heat the fuel and fuse the atoms together; that is, there must be a net power production. The product of density, temperature and confinement time, nTT, determines the net power production. According to Lawson's criteria, the product of the density and confinement time for the DD reaction should at least equal 1 016 skm3 for a net energy output (Serway 1398). High density and confinement allow an increase in the probability of atoms fusing together and releasing energy. With such high temperatures, on the order of one million degrees in the outer region of the plasma, some method other than ordinary materials is needed to confine the plasma to a given volume (Wesson 2).
Tokamaks
Currently, there are two methods being studied to help achieve higher nTz, magnetic confinement and inertial confinement. The magnetic confinement method uses two different magnetic fields to contain the plasma, toroidal and poloidal fields.
Since plasmas are affected by magnetic fields and are good conductors of electricity, magnetic confinement is efficient. Most of these magnetic confinement systems use a toroidal device called a tokamak. There are several tokamak experiments worldwide.
For instance, the Tokamak Fusion Test Reactor (TFTR) located at the Princeton Plasma Physics Laboratory was designed largely for studies concerning overall net power production, and recently got a world record for 10 MW (megawatts) of fusion power (Wesson 280). The Joint European Torus (JET) in Abingdon, UK is the world's largest tokamak. JET studies lie mainly in methods of heating the plasma and energy confinement time, in addition to net power production (Wesson 283). This paper deals with experiments performed on the DIII-D tokamak in San Diego, California. A major part of the DIII-D program is devoted to studying the physics of the edge of the plasma, especially in the divertor regions, and controlling impurities being introduced into the plasma (Mahdavi 1).
DIII-D runs for three weeks at a time with maintenance periods between operations. On a normal operation day, a plasma discharge takes place every fifteen minutes beginning at 9:00 am and ending at 5:OO pm with each discharge lasting for approximately five seconds. It is very important that analysis be done on the shots immediately, so that changes, such as the amount of current in the plasma or an increase or decrease in the pumping out of the neutral gas, can be made, if need be, before the next shot occurs. Figure 1 shows a schematic of a tokamak. There are two different magnetic fields used in this doughnut shaped device. One is a toroidal field, BT, produced by coils winding around the tokamak. A second magnetic field is the poloidal field, Bp, produced by coils, circling the tokamak, and current in the plasma (Serway 1399). Figure 2 gives a vertical view of the DIII-D tokamak at 240". It defines some important regions and diagnostics discussed in following sections of the paper.
There are several regions and diagnostics labeled in figure 2. The divertor region, which is of primary concern for this paper, consists of everything below the Figure 1 : The primary magnetic field is the toroidal field. Current passes through the primary coil; which produces a change in flux through the torus. The change in flux results in a toroidal electric field, which drives a current through the plasma. The resulting magnetic field is helical around the plasma, which helps to confine it within the tokamak walls (Wesson 12).
Bolometers
There are several ports located along the walls of the tokamak as shown in Figure 2 : A vertical slice located at 240" for the DIII-D tokamak.
TTW 3EOnON AT 240q
Geometry
There are a total of twenty-four interceptors in each bolometer diagnostic.
These interceptors are enclosed in copper housings which have an aperture for viewing the plasma. For one bolometer diagnostic, two housings are needed to achieve a full view of the plasma. Each housing contains roughly half of the twentyfour interceptors (Leonard 3) . There are two bolometer diagnostics in the Dill-D tokamak one located in port R+2 and one in port R-1. Therefore, a total of forty-eight bolometer channels and viewing chords exist. These viewing chords are pictured in 
Old versus New Arrays
The two diagnostics located in ports R+2 and R-1 are additions to the DIII-D tokamak. Previously only one bolometer diagnostic located in the midplane port ( shown in figure 2 ) existed. However, it was found that this one diagnostic was not adequate for determining the power radiated in the divertor region. The viewing chords for this region were too large to give a good representation of the divertor region. The mid plane diagnostic also captured power radiated from the core. With only the one diagnostic the geometry for the viewing chords was not accurate, and the power radiated readings were not well understood. The new bolometer diagnostics provide better spatial resolution in the divertor region and have complete plasma coverage (Leonard 4).
UEDGE Code
Purpose
Since LLNL assists General Atomics with DIII-D data analysis, they also do simulations using a code called UEDGE. The UEDGE code is a Unified Tokamak Edge Physics Modeling Code. Its main interest lies in the edge regions of the plasma formed in a tokamak. Its purpose is to model the plasma physics involved during a fusion reaction simulation. The code calculates quantities such as electron and ion density and temperatures, as well as radiated power (UEDGE Manual).
How UEDGE Works
Using fluid equations and different boundary conditions for the core and outer or inner wall divertor regions, the UEDGE code models the physics of the plasma created within the scrape-off-layer of a tokamak. UEDGE has its own two-dimensional radial and poloidal grid as shown in figure 5 below. This grid consists of an inner region, a separatrix, refer to figure 2, and a scrape off layer (SOL). The UEDGE code can model physics in these regions during ionization , recombination, and impurity radiation. The physics models contained in the UEDGE code must be validated against experimental data before the code is used to aid in the design of future experiments. It is hoped that much will be learned from these UEDGE simulations, and then applied to experimental runs with expectations of getting closer to the goal of developing an efficient commercial fusion reactor. 
Radiated Power Calculations by UEDGE
From the UEDGE grid, the code is able to calculate the radiated power in a .
toroidally continuous volume represented in the poloidal cut by a UEDGE grid cell. 
Bolometer Post Processor
Preparation of UEDGE Data
The bolometer Post Processor, after it has loaded in all the appropriate variables, takes the volumetric UEDGE radiated power values, converts them into an orthogonal RZ grid, and then integrates along the bolometer lines of sight of the bolometer chords to get a calculated line integrated radiated power. This data is then written to a file called "bolojrobname", where probname is the name of the UEDGE problem being run. After this data is obtained, actual bolometer data is received using codes written in the Interactive Data Language, IDL (IDL Reference Guide). Bolometer data is extracted from the DIII-D experimental database and put into tabular form (Preckshot) . Both sets of data, UEDGE solutions and actual data, must be in a tabular format before they are read into a spreadsheet program. Once the data is placed in a spreadsheet program, comparison graphs are made and analysis done.
Analysis of Shot 82151 and Comparisons to UEDGE Simulations
Shot 82151 is a DIII-D experimental shot lasting for 5 seconds. The review plot in figure 6 gives a summary of this particular shot. This shot was done to study the effects of injecting gas up into the plasma from the divertor floor in order to decrease the heat flux to the floor. We were looking for a decrease in the divertor power arising from an increased total radiated power (see last graph in figure 6 ). The total current used in this shot was 1.62 MA (megaamps) with a magnetic field, BT, equal to 2.01 T (tesla). An initial deuterium puff began the discharge with another deuterium injection around 2100 ms (milliseconds). Our analysis of this shot takes place at 2005 ms, right before the second deuterium puff. Figure 6 : A review plot shows the plasma current, Ip, injected beam power, beams, deuterium gas injection, GAS A and gase, line averaged density, den / 1 W13, line integrated Ha emission, phd02 and phd05, electron temperature, Te(keV), total radiated power, prad-tot, and outer divertor power, prad-div.
-
No Impurity Radiation
The first UEDGE simulation compared to shot 821 51, involves only radiation from the hydrogen species. No impurities are included in this simulation. Therefore, this simulation could possibly be leaving a lot out, since we know there are impurities introduced in actual DIII-D shots. Figure 7 shows the plot comparisons. Channel numbers seven and eight from the upper array give a view of the outer strike point radiated power. Channel numbers eleven and twelve from the upper array give the inner strike point power, which is a factor of nearly three greater than the outer strike point power. Channel numbers twenty-four and twenty-five give another view of the inner strike point as seen from the lower bolometer array. At this point the magnitude is less than the actual data. In channel numbers thirty-five and thirty-six we see some power being radiated from the inner wall area. What is important about the results from the UEDGE simulation is not magnitudes of the power, but how well the simulations line up with the actual data as far as the channel numbers. For this no impurity simulation, the curves for the peaks match fairly well. 
Impurity Transport
The final impurity model used in UEDGE takes into account all forces, especially plasma flows and temperature gradients, to determine the impurity density. 
Conclusion From Comparisons
My research has been completed by developing the bolometer post processor.
This post processor can now be used as a tool for comparing data from UEDGE simulations against 0111-D bolometer data. Previously, no ways existed to compare the simulations against actual bolometer data. Now corrections can be made to UEDGE plasma simulations to help improve the models used.
Impurity Model Needed
The no impurity model with only hydrogen radiation shows large differences from the actual DIII-D data. The existing peaks come about only from the divertor floor inner and outer strike points. No other similarities in the data exist. This model does not adequately reproduce the actual data. This comparison justifies that some impurity model is needed for UEDGE plasma simulations.
Carbon Impurity Introductions
In the constant concentration model, the impurities lie in the region of highest density, which is near the plates in the divertor region. As a result, we see in figure 8 the large inner and outer strike point peaks. This constant concentration model appears to be poor because of the way impurities are introduced into the simulation, as a fraction of the electron density.
Physics of Carbon Migration
The introduction of Carbon uniformly around the outer SOL, with the transport model, appears to be a better model, since the physics of Carbon migration pulls the Carbon down to the divertor floor. It is assumed that 90% of the Carbon is then recycled, and a build up of Carbon begins to occur at the divertor floor. The transport model then spreads this Carbon throughout the divertor legs where it radiates. This cools the plasma, reducing the hydrogenic radiation so that the sum near the strike points still matches the measured power for the chords. With a lower density of Carbon at the divertor floor, we get better matches to the bolometer data at the inner and outer strike points than in the constant concentration model.
Before any other conclusions are made, we are increasing the resolution of the grid on which the line integrals of the UEDGE power are calculated, to see if this affects the results. This and further analysis will be reported at a future date.
. 
Summary
